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I. Introduction
Polyenes are important both in chemistry and biology. One of their main reactions is the isomerization around the C=C double bond. In isomerization studies of polyenes, 1,3,5-hexatriene is a model compound, since it is the smallest polyene with both terminal and internal C=C double bonds, and its photophysics and photochemistry have been subjected to extensive study.
For alkyl-substituted 1,3,5-hexatrienes. steric interaction influences the molecular structure in the electronic ground state So with respect to the in-plane CCC bond angles, the torsion around the C-C single bonds, and the degree of planarity of the molecule.' For planar molecules, one can distinguish between E and Z isomers at the central C = C double bond, and between s-trans (t) and s-cis(c) rotamers at the CC single bonds. In addition, the molecules may be more or less twisted around the CC single bonds and the central C=C double bond. For the latter bond, we shall here denote the 9 0 ' twisted configuration by P for perpendicular. The geometries that are perpendicular at the central CC bond are relevant only for electronic excited states, not for the ground state.
The abundance of different rotamers of 1,3,5-hexatrienes in So is determined by the electronic structure and by steric interactions. Differences in CC singlebond conformation are reflected in differences in UV absorption spectra and in the singlet-state photochemistry taking place after direct excitation. '-3 The dominant products in the singlet photochemistry of 1,3,5-hexatrienes are 1, 3-~yclohexadiene, 3-vinylcyclobutene, l-allylcyclopropene, bicyclo[ 3.1 .O] hex-Zene, and 2-vinyl-1 methylenecyclopropane, whereas the quantum yield of E -2 isomerization is low, except in highly substituted compounds.lV2 The singlet photochemistry has in part been rationalized by invoking the principle of nonequilibration of excited rotamers (NEER), which states that the geometry around formal CC single bonds is preserved after excitation to the excited singlet state. '-3 'Royal Danish School of Pharmacy *Risa National Laboratory. 11 University of Amsterdam.
University of Leiden. f University of Bologna.
In contrast, the sensitized photochemistry of 1,3,5-hexatrienes in the triplet state leads primarily to isomerization. The triplet photoisomerization proceeds through the lowest excited triplet state which has been found to have a lifetime of 100-300 ns. In a series of paper^,^-'^ we have studied the TI state of 1,3,5-hexatriene and methyl-substituted derivatives using time-resolved absorption and resonance Raman (RR) spectroscopy, in order to map the TI potential energy surface (PES) with respect to torsion around the central C -C double bond and the CC single bonds. The above-mentioned NEER principle was found to apply to the TI state as well, Le., even with the relatively long triplet lifetimes the geometry around the formal C-C bonds is p r e~e r v e d .~J~J~
In order to explore the potential energy curve for the torsional coordinate around the central C = C bond, we have compared the triene ((E)-2-MHT-4-d), and (E)-3-MHT,I8 whereas the ground-state vibrational spectra of (Z)-2-MHT and (Z)-3-MHT have not been published before.
In the present paper we report the time-resolved RR spectra of the lowest excited triplet state TI from (E)-2-MHT, (E)-2-MHT-44, (Z)-2-MHT, (E)-3-MHT, and (Z)-EMHT, using a pumpprobe technique with two pulsed lasers. The triplet state is populated by excitation of acetone as sensitizer and probed in resonance with a T I -T, transition of 2-and 3-MHT around 3 15 nm. (Merck, p.a.) , and acetone (Merck, p.a.) were used as received. The synthesis of (E)-ZMHT, (E)-2-MHT-4-d, (Z)-2-MHT, (E)-3-MHT, and (Z)-3-MHT has been described in detail previously.'q18 The purity of the samples was analyzed by gas chromatography (GC, He carrier gas, capillary column, BPlO at 62 OC or DB1 at 38 "C). The samples of (E)-2-MHT and (E)-2-MHT-4-d showed no detectable impurities. The sample of (Z)-ZMHT was 96% pure (4% (aE)-2-MHT), the (E)-3-MHT sample was 98% pure (2% (Z)-3-MHT), and the (Z)-3-MHT sample was 96% pure (4% (E)-3-MHT and 2-methyl-1,3-cycle hexadiene) .
After preparative GC, the samples were captured in capillary glass tubes in a cold trap under reduced pressure (ca. 0.1 " H g ) ; the capillaries were sealed and kept in a freezer. Throughout the transient experiments, the capillaries with the trienes were opened and solutions prepared and transferred to sample cells under an Ar atmosphere. Prior to the addition of triene the solvents were purged with Ar for more than 35 min. The time-resolved TI RR spectra were obtained at room temperature as described previously?-'o~'2 The triplet state of the triene was produced by exciting acetone as sensitizer with a pump pulse from an excimer laser (Lambda Physics EMG 102E) at 308 nm (ca. 5 mJ per pulse at the sample). The RR spectrum of the triene TI state was obtained with the second harmonic at 315.8 nm (317.5 nm for (E)-2-MHT-4-d) from a Nd:YAG pumped dye laser (Quantel) as probe pulse (ca. 2 mJ per pulse at the sample). Both lasers were pulsed at 5 Hz with pulse lengths of 10-15 ns, pumpprobe time delays ranging from 60 to 1080 ns. The triplet-state RR spectra were obtained by subtraction procedures. The sample was contained in a spinning cylindrical Suprasil cell with 26-mm inner diameter and 6-mm inner height. The detection system has been described in detail previou~ly.~J~J~ Scattered Raman light was dispersed in a single grating spectrometer (f = 600 mm, 2400 grooves/").
A polarization scrambler was placed in front of the spectrometer. For (E)-2-MHT, (Z)-2-MHT, (E)-fMHT, and (Z)-3-MHT, a homebuilt intensified vidicon detector with 300 channels was whereas for (E)-2-MHT-4-d an intensified photodiode array (OSMA IR4-700 from Spectroscopy Instruments) with 700 acthe channels was used.12 (293-187 K).
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observed TI RR spectra of 1,3,5-hexatriene (HT)I1-l2 and 2,5-dimethyl-l,3,5-hexatriene (DMHT)13 with spectra calculated using a modified version of the semiempirical QCFF/PI quantum mechanical consistent force field program.16q1' Frequencies and intensities of RR bands were calculated for the geometries representing minima on the TI PES, and, comparing the calculated spectra with the observed ones, the geometry of 1,3,5-hexatrienes in the TI state was determined. For unsubstituted 1,3,5-hexatriene,l1J2 it was established that the spectroscopically observed forms in the T I state populate isoenergetic minima on the PES at planar or nearly planar tEt and rzr geometries. Equilibration between tEt and tZt takes place within the TI lifetime, even at 183 K. From the measured activation energy of triplet decay, a local minimum or a barrier 0.7 kcal/mol above the tEt and tZt minima was suggested at the tPt geometry.12 For (E)-DMHT and (2)-DMHT, respectively, the TI state was found to be predominantly populated at the tEt and cEt geometries.13
With respect to the torsion around the central C=C bond, the results suggest that in the TI state steric hindrance caused by the methyl group in the 2-and 5-positions is able to force the molecule away from the tZt geometry, since the central C = C bond is weakened considerably in the TI state compared to the So state. These findings led us to begin a study of 2-(2-MHT) and 3-methyl-l,3,5-hexatriene (3-MHT) for two reasons. First, such a study would be a strong test of the validity of the NEER principle, which we previously found to be valid for DMHT in the TI state. The NEER principle predicts identical T1 RR spectra starting from (a-and (2)-3-MHT, as both have a tt conformation around CC single bonds, and different TI RR spectra starting from (E)-and (Z)-2-MHT, as these have a different distribution of f t and ct conformations in So.' Second, different positions of the methyl groups cause differences in steric hindrance, and this in turn suggests differences in the TI potential energy curve for the torsion around the central CC bond between 2-MHT and 3-MHT. The ground-state species relevant in the present study are depicted in Figure 1 .
We have previously published a study of the vibrations of ground-state (E)-2-MHT, (E)-4-deuterio-2-methyl-1,3,5-hexa- Ground-state Raman spectra (514.5 nm excitation) of neat (A) and (E) (Z)-3-MHT.
The chemical composition of the solutions was monitored by GC before the laser experiments to ensure purity and after the experiments to follow isomeric conversion during the laser flash photolysis. The conversion between the isomers was also followed by evaluating the preresonance Raman spectra of the solutions with respect to vibrational bands from the ground states of different hexatriene isomers.
C. Absorption Measurements. The procedures used in the time-resolved UV absorption measurements have been described in detail previously.'* The sample was irradiated with a pulse from the excimer laser at 308 nm, with a pulse energy of ca. 20 mJ at the sample. The triplet-triplet absorption at 320 nm was measured at right angles to the laser beam with a pulsed Xe lamp, a monochromator (spectral bandpass 8 nm) placed after the cell, and a photomultiplier (RCA 1P28) coupled to a digital storage oscilloscope (DSC). The LeCroy 9400 DSC used previouslyI2 was replaced with a LeCroy 9450 DSC with a higher time-resolution. The absorbance at 308 nm from the acetone sensitizer was ca. 1 per cm. The sample cell and cooling procedures were as described previously.'2 Like for the Raman measurements, the chemical composition of the solutions was monitored by GC before and after the experiments.
Experimental Results
A. Ground State. The ground-state Raman spectra of neat
and (Z)-3-MHT, with 514.5-nm CW excitation, are shown in Figure  2A -E, respectively. The frequencies of the E isomers have been published previously;l* those of (Z)-2-MHT and (Z)-3-MHT are reported in Table I , for (2)-2-MHT together with infrared frequencies of a matrix-isolated sample. In addition to the bands listed in Table 1 , the matrix-isolated sample showed several infrared bands of medium intensity around 1600, 1450, and 1000 cm-'. The additional bands may be related to the presence of two 907 sh dp 905 s 897 sh dp 900 s 890sh dp 889 s 798 m dp 801 m 777 m dp 256 m 204 w dp 187 w 176 w dp I25 m dp 942 w dp wCH 903 m dp wCH 875 w dp wCH 801 m dp wCH 785 m dp wCH 714 w dp 639 w 598 w dp 571 w p 452 m p 408 m p 299 m dp 237 w dp 180m p I57 sh dp 58 m dp
's = strong, m = medium, w = weak, sh = shoulder; p = polarized, dp = depolarized; u = stretch, dCH3 = methyl deformation, s = scissors, r = in-plane rock, w = out-of-plane wag, dCCC = in-plane skeletal bend, T = out-of-plane CC torsion, wMe = methyl out-of-plane skeletal wag, rot Me = rotation around C-CH, bond. rotameric species, or to the population of different sites in the Ar matrix. Also included in Table I is an empirical assignment of the vibrational spectra of (Z)-ZMHT and ( Subtraction techniques used in the RR spectra have been discussed in detail p r e v i o u~l y .~~~~ Each sample cell was used to obtain spectra using (a) the probe laser only; (b) both pump and probe lasers at 60-80-11s time delay between the pump and probe laser pulses; (c) both pump and probe lasers at longer time delay (380 ns for (E)-2-MHT-4-d, 1060 ns for the other compounds);
TABLE II: Observed Frequency (cm-') and Intensity of Raman Bands of the Lowest Excited Triplet State of (E)-2-MHT, (E)-2-MHT-4-d, (Z)-2-MHT, (E)-3-MHT, and (Z)-3-MHTa (Z)-2-MHT -(E)-3-MHT + (E)-2-MHT (E)-2-MHT-4-d (Z)-2-MHT (E)-2-MHT (Z)-3-MHT
and (d) the probe laser only. Triplet spectra were obtained from spectra b after the subtraction of spectra a and c. Subtraction of spectra a from spectra d allowed the identification of Raman bands arising from stable products of isomerization. The isomeric conversion was also monitored by GC. For solutions l and 2 ((E)-2-MHT) the isomeric purity decreased from 100 to 95% during the experiments (5% Z isomer), for solutions 3 and 4 ((E)-2-MHT-4-d) from 100 to 96%, for solution 5 ((Z)-2-MHT) from 96 to 87%, for solution 6 ((E)-3-MHT) from 98 to 87%, for solution 7 ((E)-3-MHT) from 98 to 90%, for solution 8 ((n-3-MHT) from 96 to 90%, and for solution 9 ((Z)-3-MHT) from 96 to 87%. In the time-resolved absorption measurements, the amount of Z isomer grew to 4% for solution 10 ((E)-2-MHT), whereas for solution 11 ((Z)-3-MHT) the combined amount of (E)-3-MHT and 2-methyl-1,3cyclohexadiene increased to 6% during the experiments.
Experimental time-resolved TI RR spectra are shown in Figures 3 and 4. The spectra are resulting subtraction spectra-type b minus a and c, that is after the subtraction of bands from ground-state solvent and hexatriene. TI RR spectra of 2-MHT are shown in Figure 3A ((E)-2-MHT) and 3B ((Z)-2-MHT). Subtraction of spectrum 3A from spectrum 3B is shown in Figure  3C . T I RR spectra of (E)-3-MHT and (Z)-3-MHT are shown in Figures 4A,B and 4C,D, respectively. Results from time-resolved absorption measurements are shown in Figure 5 (see below). Figure 6 shows a comparison of spectrum 3A ((E)-2-MHT) with theoretical spectra (see section IV). Figure 7 shows a comparison of the T, RR spectrum of (E)-2-MHT-4-d, and Figure 8 of spectrum 3C ((Z)-2-MHT minus (E)-ZMHT) with theoretical spectra. The sum of spectra 4A,C, which are identical (see below), is shown in Figure 9 , together with theoretical spectra. The wavenumbers of observed TI RR bands from the spectra in Figures  3,4 , and 7 are listed in Table 11 . Spectra were recorded down to ca. 250 cm-l, but only weak bands were detected below the regions shown.
Data from timeresolved triplet-triplet absorption measurements at 320 nm are shown in Figure 5 for (E)-2-MHT (solution 10) and (Z)-3-MHT (solution 11). At all temperatures, the decay of triplet-triplet absorption with time was exponential, corresponding to first-order triplet decay. For (E)-2-MHT the Arrhenius plot in Figure 5 yields an activation energy (E,) of 0.4 f 0.1 kcal/mol and a frequency factor (A) of (1.4 f 0.2) X lo7 SKI, whereas the Arrhenius plot for (Z)-3-MHT yields E, = 0.8 f 0.2 kcal/mol and A = (2.7 f 0.6) X lo7 s-l. The first-order decay at 213 K of the triplet-triplet absorption is illustrated for (E)-ZMHT by the inset in Figure 5 . An increase in the buildup time of the triplet was observed with decreasing temperature.
IV. Theoretical Results
Calculations were performed using a modified version" of the semiempirical quantum mechanical consistent force field QCFF/PI program,16J7 as described previously. Theoretical results from the QCFF/PI calculations are reported in Tables 111-VI and in the supplementary material. In Table I11 are listed energies of the various optimized isomeric forms of 2-MHT relative to the tEt form in the So, TI, and Tn states. The corresponding energies of 3-MHT are reported in Table IV . For each geometry, the T, Table V , together with the energy of the T I -T, transition. Calculated geometries for the various isomers and rotamers of 2-MHT and 3-MHT in the So, TI, and T, states are reported in the supplementary material.
Vibrational frequencies were calculated for all the relevant TI geometries of (E)-2-MHT, (E)-2-MHT-4-d, (Z)-2-MHT, (E)-3-MHT, and (Z)-3-MHT, i.e., the local minima on the TI PES. These frequencies are listed in Table VI or in the supplementary material.
Under the assumption of a predominant Franck-Condon mechanism of RR scattering, the RR intensities can be expressed by the y factors, calculated from the change in equilibrium geometry between TI and T,,.I1 The calculated y factors are listed together with the vibrational frequencies in Table VI and in the supplementary material. The data in Table VI can be used to construct theoretical RR spectra of the TI state for the various compounds and geometries. This is done in Figure 6 for (E)-2-MHT, in Figure 7 for (E)-2-MHT-4-d, in Figure 8 for (2)-2-MHT, and in Figure 9 for (E)-3-MHT and (Z)-3-MHT. The calculated RR spectra are shown together with the experimentally observed spectra to allow a direct comparison.
V. Discussion
In the ground-state So of 1,3,5-hexatriene, the s-trans conformation (rEt and fZt) at the C-C single bonds is favored over the s-cis form, since in the latter conformation nonbonded electron pairs which repel each other are brought close together. This preference for s-trans conformation is opposed by methyl substitution, in particular for Z isomers, due to the steric repulsion of the methyl hydrogens. For (Z)-2,5-dimethyl-l,3,5-hexatriene WAVENUMBER/cm-1 (czt), an s-cis conformation at one of the C-C single bonds is induced. For substitution of only one methyl group, as in 2-MHT and 3-MHT, the modifications of the molecular structure are less pronounced.
At room temperature, a tEt structure has been found experimentally for (9-2-MHT (see Figure l) , whereas for (Z)-ZMHT a 2:l equilibrium between the tZt and cZf forms has been f0und.l 3-MHT is found at room temperature in the rEt and tZt forms. It should be noted that for the E isomer the lateral methyl group causes more steric hindrance in the 3-than in the 2-position, whereas for the Z isomer it causes more steric hindrance in the 2-than in the 3-position. As a consequence, the cZt form of 2-MHT deviates strongly from planarity.
A. Calculated Energia and Geometries of Ground and Excited
States. Energy minima, calculated for 2-MHT and 3-MHT in the So, TI, and T, states, are reported in Tables I11 and IV. The ground-state energy of 2-MHT in Table I11 is calculated to be slightly lower for the cEt than for the fBt (by 0.4 kcal/mol), and for the cZt than for the tZt (by 0.1 kcal/mol) forms. This disagreement with the experimental results can be ascribed to the tendency of the QCFF/PI calculation to overestimate the steric hindrance connected with methyl groups compared to terminal methylene groups. A corresponding discrepancy has been found previously in the study of 2,5-dimethyl-l,3,5-hexatriene. The ordering is reversed in the TI state. In the T, state of 2-MHT, the ordering is similar to that of So, but with a much bigger difference between the rZt and cZt forms. In the TI state, the planar Z geometry is calculated to be somewhat higher than the planar E geometry, and the P geometry even higher.
Whereas for 2-MHT (Table 111 ) the planar Z geometry is clearly higher in energy than the planar E geometry in the So and T, states, the planar E and Z geometries of 3-MHT are very close in energy in the So and T I states (Table IV) . In both T I and T, the P geometry of 3-MHT is clearly above the planar geometries.
From Table V it appears that for the planar E and Z forms of both 2-MHT and 3-MHT, the strongest TI -T, transition is for n = 5, and the transition energy is in the region 3. 93-4.19 eV, corresponding to 3 15-296 nm. For the P forms, the transition energy is 5.4 eV, corresponding to 230 nm, which is clearly out of resonance with the experimental RR excitation around 3 15 nm. The calculated optimized molecular geometries are reported in the supplementary material; we shall now discuss briefly the most important features. In the ground-state So, both optimized geometries of 3-MHT are planar, whereas for 2-MHT the cZt form is nonplanar. The optimized geometries of 2-MHT are characterized by large C2C3C4 angles for the tEt and cEt forms and very large C2C3C4 and C3C4Cs angles for the tZt and cZt forms. For both forms of 3-MHT, the C,C2C3 and C3C4Cs angles are rather large.
In the TI state, the cZt geometry of 2-MHT is twisted by 30" around the central CC bond, whereas for 3-MHT only the P geometry is twisted at the central CC bond. All CICz and C2C3 bond lengths in TI are calculated to be around 1.4 A, intermediate between ground-state C==C and C -C bond lengths, whereas the central C3C4 bond length is around 1.47 A, corresponding to a ground-state C -C single bond, for all forms. For both 2-MHT and 3-MHT, the in-plane CCC angles change very little between So and TI.
In the T state, all bond lengths turn out to be similar, slightly The y values for the tPt form cannot be compared directly with those of the rEr and tZt forms. ground-state Raman spectra that follow the conversion between E and 2 isomers taking place through the TI state in the present experiments. The spectra of (2)-2-MHT and (2)-3-MHT are assigned empirically in Table I and shall now be discussed briefly.
Several types of vibrations are rather unchanged between (E)-ZMHT, (Z)-2-MHT, (E)-3-MHT, and (2)-3-MHT. This applies to C = C stretches, CH3 deformations, and terminal CH2 scissoring and CHI in-plane rock. The out-of-plane CH3 wag at 1040 cm-' for (E)-2-MHT is found at 1041,1034, and 1035 cm-l for (2)-2-MHT, (E)-3-MHT, and (2)-3-MHT. The in-plane CH3 rock at 1019 cm-I for (E)-2-MHT and 1015 cm-I for (Z)-2-MHT is shifted to 1067 a n -l for (E)-3-MHT and 1051 an-' for (Z)-3-MHT, probably due to coupling with other vibrations, rather than to differences in steric hindrance.
The out-of-plane hydrogen wags are found in the region 1002-865 cm-I for (E)-2-MHT, 990-803 cm-I for (E)-3-MHT, 1000-777 cm-' for (2)-2-MHT, and 942-785 cm-I for (2)-3-MHT. The frequency differences between the compounds are large and indicate that the hydrogen out-of-plane wag is sensitive both to the configuration at the central C=C bond and to the position of the methyl group. For the in-plane bends of the CCC angles, the spread in frequency is larger for the 2 isomers, especially for (Z)-2-MHT, which is to be expected since here the central CCC angles are rather large, due to steric hindrance.
The normal modes dominated by C-C stretches, and strongly coupled to CH in-plane rocks, have been shown for (E)-2-MHT and (E)-3-MHT to couple and split into bands above 1300, around 1150, and below 850 cm-'.'* This splitting seems to be operative for (Z)-ZMHT. For (Z)-3-MHT, however, no polarized Raman bands are observed between 983 and 639 cm-'. It thus seems that the splitting mentioned is less pronounced for (2)-3-MHT. This finding is parallel to previous findings for (E)-2-MHT and (E)-3-MHT:I8 Whereas the vibrational pattern of (E)-2-MHT is influenced strongly by the lateral methyl group and is dominated by local symmetry coordinates, that of (E)-3-MHT is influenced less by the lateral methyl group and is dominated by global symmetry coordinates like the ones for unsubstituted (E)-1,3,5-hexatriene. However, the observation of the weak splitting for (Z)-3-MHT is not reproduced by QCFF/PI calculations. Using the unmodified version of the QCFF/PI program,I6J7 we found the above-mentioned splitting with the lowest frequency C-C stretching modes at 841 cm-l for (Z)-2-MHT and 820 cm-' for C. Triplet Raman Spectra. NEER Principle. The discussion of the TI RR spectra shall be divided in two sections. In the present section we discuss the role of conformers associated with the C2C3 and C4Cs bonds, on the basis of experimental results and with relation to the principle of nonequilibration of excitedstate rotamers (NEER). In the following section we shall discuss the contribution of the different E, 2, and P isomers by comparison between calculated and experimental RR spectra.
The NEER principle was originally introduced for the SI state of 1,3,5-hexatrienes, and its validity was in part explained on the basis of their short SI lifetime.' Later, identical TI RR spectra were observed for the E and Z isomers of 1,3,5-hexatriene,1° whereas for 2,S-dimethyl-1,3,5-hexatriene different TI RR spectra were observed for the E and 2 isomer^.^ This difference was explained by extending the validity of the NEER principle to the TI state, a conclusion which was strongly supported in a study of deuteriated derivatives of 2,s-dimethyl-1 ,3,5-hexatriene.I3 According to the NEER principle, the distribution of different conformers in the ground state is preserved upon excitation to the TI state. Consequently, on the basis of the above-mentioned ground-state forms and the NEER principle, it is possible to make predictions concerning the population of excited-state species. Since they have tEt and tZt ground-state geometries, (E)-3-MHT and (Z)-3-MHT are expected to yield in T1 the same distribution between tXt species, where X indicates E, Z , or P configuration at the central CC bond. The population distribution between tEt, tZt, and tPt is determined by their relative energy, which again in part is determined by the amount of steric hindrance from the methyl group, which is larger for the tEt than for the tZr triplet geometry. Consequently, we expect identical TI RR spectra from (E)-and (Z)-3-MHT. This is indeed the case, as seen from spectra 4A and 4C (4B and 4D). The two spectra are identical within experimental uncertainty, small differences at 1322, 1226, and 1 154 cm-' being easily explained by differences in the ground-state Raman spectra of (E)-3-MHT ( Figure 2D ) and (Z)-3-MHT ( Figure 2E ).
Starting from (E)-2-MHT (tEt in So), tXt species are expected to be populated in TI, the actual distribution being determined in part by the steric hindrance from the methyl group, which is larger for the tZt than for the tEt triplet geometry. Starting from (Z)-2-MHT, with a 2:l equilibrium mixture between tZt and cZt in So, we expect mainly tXt forms to be populated in TI as for (E)-2-MHT but also a substantial part of cXt species. Consequently, we expect different TI RR spectra starting from ground-state (E)-2-MHT and (Z)-ZMHT. This is indeed observed in Figure 3 , where spectra 3A and 3B are clearly different.
Thus, the two isomers of 3-MHT yield identical triplet spectra, whereas the spectra of the two isomers of 2-MHT are different. For both compounds, this is in agreement with predictions based on the NEER principle and clearly demonstrates that the NEER WAVENUMBER/cm-1 principle applies to 2-MHT and 3-MHT.
Apart from the differences between spectra 3A and 3B, several bands are common to the two spectra. From the mentioned 2:1 equilibrium of (Z)3-MHT, spectra 3A and 3B are best explained as due to common tXt species, with an additional contribution in spectrum 3B from cXt species. Spectrum 3A was subtracted from spectrum 3B, after proper rescaling to make common bands match in intensity, to check this possibility. The result is shown in Figure 3C . Spectrum 3C is thus believed to be due to the cXt forms of (Z)-2-MHT in the TI state. It is shown below that spectrum 3C is indeed very similar to the spectrum calculated for this species. Thus, the results shown in Figures 3 and 4 yield very strong evidence of the validity of the NEER principle for the TI state of 2-MHT and 3-MHT.
D. Triplet Raman
Spectra. E a d Z Species. The results of the previous section indicate that the validity of the NEER principle in the T I state of 2-MHT and 3-MHT is so firmly established that in the discussion of other aspects of the TI geometry we can confine ourselves to the subset of geometries that are allowed by the NEER principle. The discussion will be based on the comparison between calculated and observed T1 RR spectra in Figures 6-9. As shall be seen, it is possible to assign the observed vibrational bands to the calculated ones quite unambiguously. A full assignment of all the observed frequencies and intensities of Table I1 to the calculated frequencies and 7 factors of Table VI will not be attempted; only the strongest bands will be assigned.
Another general problem relates to the possible population in TI of P geometries. In previous studies of 1,3,5-hexatriene and 2,Sdimethyl-1,3,S-hexatriene, we have not found any positive confirmation that P forms are populated. In all cases we have been able to explain the observed spectra with the spectra calculated for the planar E and Z forms, without ever having to invoke the spectra calculated for the P form to account for the experimental spectra. In some cases, but definitely not all, we have been able to state that calculated bands of high intensity belonging to the P form are unobserved in experiment. It thus seems unlikely that P forms contribute to the experimental spectra in previous studies. However, this does not necessarily mean that the P forms are not populated, for the following reason. The strongest TI -T, transition has been calculated at around 4.2 eV, corresponding to ca. 300 nm, for the planar E and Z forms, whereas for the P form it is calculated at around 5.5 eV, corresponding to ca. 230 nm.l1.l3 With a probe laser wavelength of around 315 nm, the resonance Raman conditions are fulfilled for the planar E and Z forms, not for the P form. Thus, P forms may be present without contributing significantly to the observed RR spectra. From the dominance of the E form in the time-resolved TI RR spectra, we determined a population ratio N E / N p >> 0.01 for DMHT in the TI state.13
These arguments apply equally well to the present study of 2-MHT and 3-MHT. As seen from Table V , the TI -T, transition energies of the planar E and Z forms are calculated at around 4.1 eV, those of the P forms at around 5.4 eV, and we shall see below that the experimental spectra can be understood on the basis of the spectra calculated for the planar E and Z geometries alone.
(E)-2-MHT. The observed TI RR spectrum of (E)-2-MHT is shown in Figure 6 together with the spectra calculated for the tEt, tPt, and tZt forms of 2-MHT. From previous studies of Eand (Z)-1,3,5-hexatriene we know that quilibration around the central CC bond is fast, and the equilibrium between the planar (or near-planar) E and Z forms is established within the triplet lifetime. Thus, the distribution between planar E and Z forms is determined by their relative energies through the Boltzmann equation.
For 1,3,5-hexatriene in the TI state, we calculated the planar Z form to be 1.1 kcal/mol above planar E, corresponding to Z E ratios of 0.15 at 293 K and 0.05 at 183 K. Experimentally, however, we found the two forms to be nearly isoenergetic, with a Z E ratio close to unity. For 2-MHT, we calculate the planar Z form to be 3.8 kcal/mol above planar E (Table III) , corresponding to a Z:E ratio of 0.001 at 293 K, a ratio that is very sensitive to the energy difference. This theoretical result does not find support from experiment, as seen from Figure 6 .
To explain the experimental spectrum in Figure 6 , we clearly need the spectrum calculated for planar E. The strong band at 1134 cm-I has a FWHM of around 40 cm-.', whereas weaker bands have FWHM of around 15 cm-I. The 1 134 cm-I band may thus arise from superposition of two to three individual bands and can right away be assigned to the calculated planar E bands at 11 73 and 1158 cm-I, with a possible contribution from the calculated planar Z band at l 115 cm-l. The strong observed band at 1560 cm-I is assigned to the planar E band at 1550 cm-I, with a possible contribution from the planar Z bands at 1537 and 1521 cm-I .
One point should be made here. For planar E, the calculated 1550 cm-I band is of the same intensity as the calculated 1 173 and 1 158 cm-I bands together, and the sum of the y factors for the calculated planar E 1550 and planar Z 1537 and 1521 cm-' bands is less than twice the total y for the planar E 1173 and 1 158 and planar Z 1 11 5 cm-' bands. The observed 1560 cm-l bands, however, is 4 to 5 times stronger than the 1134 cm-I band. Hence, it appears that the QCFF/PI calculation underestimates the intensity of the band observed at 1560 cm-I. A similar effect has been found also in studies of 1,3,5-hexatriene and DMHT1'-13 and leads to the conclusion that comparison of calculated and observed intensities should not include the band around 1550 cm-'.
Although the remaining bands calculated for planar E all have experimental counterparts, it is clear that the spectrum calculated for planar E cannot account for all the observed bands, and we have to invoke the planar Z or P forms or both. In this situation it is obvious that the observed 1218 cm-I band should be assigned Langkilde et al.
to the planar Z band at 1251 cm-I, and the observed 1434, 1393, and 1353 cm-I bands to contributions from both planar E and 2. The tPt 1308 cm-I band only has a weak experimental counterpart, if any.
The experimental spectrum in Figure 6 is thus rather unambiguously assigned to a combination of the planar E and Z forms. The tPt form does not contribute, and from comparison of the intensity of, in particular, the experimental bands at 11 34 and 1218 cm-' with the calculated spectra, it appears that the contribution from the planar Z form is smaller than that from planar E. With similar RR conditions, we thus conclude that planar Z is at higher energy than planar E, although less than predicted by calculation (3.8 kcal/mol).
(E)-2-MHT-4-d. The changes in the T I RR spectrum of (E)-2-MHT upon deuteriation are seen by comparison of the experimental spectra of (E)-2-MHT ( Figure 3A or Figure 6 , Table  11 ) and (E)-2-MHT-4-d (Figure 7 , Table 11 ). The changes above 1200 cm-' are small with respect to both frequencies and intensities. In contrast, below 1200 cm-I large changes are seen upon deuteriation. The observed (E)-2-MHT shoulder at 1197 cm-I, the intense (E)-2-MHT band at 1134 cm-I ascribed above to a superposition of at least two bands, and the weak (E)-2-MHT bands at 1000 and 942 cm-I are replaced in ( The mwt significant change in the experimental spectra is the disappearance of the intense band at 1134 cm-'; this change is described by the calculation for the tEt form. The appearance of rather strong bands below 1100 cm-I is predicted by calculation for both the tEt and tZt forms. Direct comparison between calculated and observed spectra in Figure 7 indicates that the t z t form is present as well, since the observed spectrum cannot be accounted for by the calculated tEt spectrum alone. Thus, the conclusions reached for (E)-ZMHT are confirmed by the results for (E)-2-MHT-4-d in Figure 7 : Both tEt and tZt species are present, but the tEt form is dominant.
(2)-2-MHT. In the transient RR spectrum of (Z)-2-MHT we found a number of bands that are observed also in the spectrum of (E)-2-MHT and were ascribed to the tXt forms. The remaining bands, observed for (Z)-2-MHT and not for (E)-2-MHT, are ascribed to triplet species populated from the cZt minor ground-state component of (a-2-MHT. These bands, obtained by subtracting the E from the Z spectrum, are compared with the theoretical results in Figure 8 .
It is obvious at once that in order to explain the observed spectrum in Figure 8 , we need to invoke the planar E geometry. The experimental bands at 1192,1155, and 1122 cm-l are assigned to the ones calculated for planar E at 1231, 1188, and 1135 cm-I, with a possible contribution from the Z band at 1121 cm-I. The strong observed 1551 cm-' band is assigned to the planar E band at 1552 cm-I, with a possible contribution from the Z bands at 1533 and 1520 cm-I. Again, calculation underestimates the intensity of the 1550 cm-I band.
The observed spectrum cannot be interpreted by considering the planar E form alone. The observed 1346 and 1324 cm-' bands can only be explained by the 2 or P forms or both. The Z form gives the best fit, with the calculated bands at 1343, 1322, and 1240 cm-I corresponding to the observed 1346, 1324, and 1265 cm-I bands. In this case, the 2 1121 cm-I band in combination with the planar E 1135 cm-' band predicts correctly the intensity of the observed 1122 cm-l band relative to the observed 1192 and 11 55 cm-' bands. When calculated and observed relative intensities are compared, the cZt:cEt ratio may be somewhat larger than the t2t:tEt ratio discussed above. It should be noted that the cZt species is predicted to be about 30' twisted at the central CC bond. The good fit between calculated and observed spectra in Figure 8 supports the conclusions reached above about the NEER principle.
(E)-IMHT and (Z)-3-MHT. The methyl group of (E)-3-MHT in Figure 1 is staggered with respect to the neighboring terminal CH2 hydrogen atom, and all calculations reported here apply to this geometry (A) of the methyl group. We also carried out calculations for a geometry (B) with the methyl group eclipsed with the CH2 hydrogen. The B geometry was found to be nearly isoenergetic with the A geometry, and the differences in electronic transitions and RR spectra calculated for the two geometries were small. For this reason, we report data on the A geometry only. The same observations apply to the A and B geometries of
In agreement with the NEER principle, we observe identical TI RR spectra from (E)-3-MHT and (Z)-3-MHT. To improve the signal to noise ratio, we add the spectra from the two compounds, and the sum spectrum is found in Figure 9 , together with theoretical results. Calculation predicts the tZt geometry in T I to be lower in energy than the tEt form (Table IV) . This ordering is opposite to that of 2-MHT, and we shall now compare this finding with experiment.
The general appearance of the experimental spectrum in Figure  9 shows a very strong band at 1558 cm-l, a number of weak bands, and a relatively strong band at 1274 cm-I. The spectrum calculated for the tEt geometry in Figure 9 predicts the strong 1558 cm-l band and a number of weak bands, but it does not predict the strong 1274 cm-' band. Thus, it is not possible to ascribe the observed spectrum to the planar E geometry alone. The observed band at 1274 cm-' can only be assigned to the planar Z form, although the three bands at 1313, 1260, and 1201 cm-I calculated for planar Z are not observed separately. However, the 1274 cm-l band may contain contributions from more than one vibrational band.
Although it was mentioned above that the QCFF/PI calculation tends to underestimate the intensity of the strong observed band around 1550 cm-I, it is not likely that the observed 1558 cm-I band can be explained alone by the 1544 cm-I band calculated for planar Z, and we have to invoke the planar E form as well, with a calculated band at 1547 cm-I.
The remaining bands are of moderate intensity, both the observed and calculated ones, and the observed bands can all be assigned to bands calculated for the planar E and Z forms. What then are the relative populations of the planar E and Z forms? We note that the intensity ratio of the 1274 cm-I band to the other observed bands is 10 or more (apart for the 1558 cm-' band). The combined y factors of the tZt 1313, 1260, and 1201 cm-I bands are 0.44; the strongest of the weak bands have y factors around 0.10. Thus, the calculated ratio (ca. 4) is less than half the observed one (2 10). For similar RR conditions for planar E and Z, this contradiction can only be removed if one assumes a population of planar Z that is larger than that of planar E. Thus, in T I the tZt form of 3-MHT must be at lower energy than the planar E form. The calculated energy difference of 0.5 kcal/mol corresponds to a population ratio of 1:0.42 for Z E , in qualitative agreement with the observed spectra.
E. Decay Kinetics of the Triplet State. It was previously
shownI2 that the decay of the T I state of (E)-1,3,5-hexatriene (EHT) is an activated process which in the temperature region 296-183 K in methanol can be described by an Arrhenius equation with an activation energy (E,) of 0.7 f 0.2 kcal/mol and a frequency factor (A) of (1.6 f 0.3) X lo7 s-l. We have recently extended these measurements to (Z)-1,3,5-hexatriene (ZHT), (E)-DMHT, and (Z)-DMHT.I5 For ZHT, E, = 0.8 f 0.2 kcal/mol and A = (1.9 f 0.3) X lo7 SKI, i.e., within experimental limits of error identical to the EHT values. Whereas for EHT and ZHT the observed values of E, and A were the same, a different behavior was found between (E)-DMHT and (Z)-DMHT. For (a-DMHT, E, = 0.8 f 0.2 kcal/mol and A = (2.1 f 0.4) X lo7 s-I were determined, whereas for (E)-DMHT the decay of T, was found to be independent of temperature, with E, = 0.0 * 0.1 kcal/mol and A = (1.0 f 0.2) X lo7 s-l. The (2)-1,3,5-Hewtriene (ZHT), (E)-2-Methyl-1,3 ,5-hexatrieae K, (Z)-fMHT, 292,244,212, and 187 K) were used to determine the Arrhenius parameters. The points do not follow straight lines exactly; at least in part this effect can be ascribed to the strong increase in the viscosity of methanol in the vicinity of the melting point. As mentioned above, the buildup of the hexatriene triplet was also influenced by viscosity at low temperature. The activation energies (E,) and frequency factors (A) of triplet decay found for EHT, ZHT, (E)-2-MHT, (Z)-3-MHT, (E)-DMHT, and (2)-DMHT, are summarized in Table VII . TI potential energy surfaces (PES) proposed for these compounds are illustrated in Figure 10 , where the energy of the P form is determined from the activation energy for triplet decay. We shall now discuss the interpretation of first the activation energies, then the frequency factors.
We previously interpreted the observed E, for the decay of TI EHT as the energy difference between the planar forms on the TI PES and the perpendicular form, from where decay to the So PES occurs. For DMHT we interpret the observations in the following way. The dominant conformer of ground-state (2)-DMHT is cZt.* The T I PES of (2)-DMHT has a minimum at the cEt geometry, a maximum at cZt, and a barrier, or a shallow minimum superimposed on the barrier, at the cPt geometry.13 The activation energy observed for T I (2)-DMHT is thus the energy of the cPt form relative to the cEt form. For (E)-DMHT the dominant ground-state conformer is tEt.I The TI PES of (E)-DMHT has a maximum at the tZt geometry, whereas the tPt and tEt forms are nearly i~oenergetic.'~.'~ Thus, the methyl groups raise the energy of the tEt T I form relative to the tPt geometry.
The activation energies found in the present study for the decay of T I (E)-ZMHT and (2)-3-MHT can now be interpreted. For (Z)-3-MHT (tZt in So, tEt and t2t in TI), the methyl group causes little steric hindrance in TI, and the tEt and t2t forms are nearly isoenergetic. This is similar to the 1,3,5-hexatriene case, and the activation energies are similar to those of EHT and ZHT. For (E)-2-MHT (tEt in So; tEt and r2t in TI), we expect an intermediate case between HT and (E)-DMHT. The methyl group of (E)-ZMHT raises the energy of the tEt T I form relative to the tPt geometry, but not as much as for (E)-DMHT, and the activation energy for decay of TI (E)-2-MHT is intermediate between EHT and E-DMHT.
The frequency factor ( A ) in the Arrhenius equation for the decay of TI is close to 2.0 X IO7 s-I for EHT, ZHT, and (2)-DMHT; for (E)-2-MHT A = 1.4 X IO7 s-I, for (E)-DMHT A = 1.0 X lo7 s-I, and for (2)-3-MHT A = 2.7 X lo7 s-l. Thus it seems that methyl substitution in the 2-and 5-positions leads to a decrease in the frequency factor for tt conformers, whereas methyl substitution in the 3-position leads to an increase. We interpret the frequency factor as the rate constant for the spinforbidden intersystem crossing process from TI to So. The rate of this process may be determined by several factors, e.g., the energy gap at the perpendicular geometry between the TI and So states, the size of spin-orbit coupling, and the density of states on the TI and So PES. The data now available do not allow one to assess which factor is predominantly affected by methyl substitution.
F. Comparison of 2-MHT and 3-MHT. Steric Control of
Excited-State Molecular Structure. For 2-MHT, calculation placed the tEt form at 3.8 kcal/mol below t2t in the TI state. From the comparison of calculated and observed RR spectra, the tEt form was found to be below tZt, but less than predicted by theory. The discrepancy is readily explained by the tendency of QCFF/PI to overestimate the steric hindrance in connection with a methyl group. The results were confirmed by the results for 2-MHT-4-d. For the cxt forms of 2-MHT, calculation placed cEt at 3.8 kcal/mol below cZt. Comparison between theory and experiment again showed the same order, but seemed to indicate that the energy difference was less than that for tEr and t2t. For 3-MHT, calculation placed the two TI forms close in energy, with the tZt form lowest. This result was confirmed by comparison of theoretical and observed spectra. These findings lead to the following picture. In the TI state of 1,3,5-hexatrienes, equilibration with respect to torsion around the central CC bond is very fast between the planar E and 2 forms. The energy of the P form is not exactly determined, but it is probably above the planar forms in energy.'* Different rotamers around the C2C3 and C,CJ bonds do not equilibrate in the TI state, in agreement with the NEER principle. For unsubstituted 1,3,5-hexatriene, the planar E and Z TI forms are nearly isoenergetic. For methyl-1,3,5-hexatrienes, the distribution between Langkilde et al.
the planar E and Z forms is largely determined by steric hindrance .  For 2,5dimethyl-1,3 ,5-hexatriene, the Z form is pushed to higher energy, such that only planar E is pop~1ated.I~ For 2-MHT, tEt is lower in energy than tZt, but both forms are populated; cEt is also lower than cZt, but their energies are closer than in the tt conformer. For 3-MHT, the planar 2 form is slightly lower in energy than the planar E form.
In the ground state of 1,3,5-hexatrienes, the steric hindrance of the methyl groups is relieved by rotation around the C-C single bonds. In the TI state, the steric hindrance induces a torsion around the central CC bond. Thus, steric interactions can govern the change in geometry upon excitation and the geometry of the excited state itself. This may be of consequence on the photochemistry ensuing the decay of the excited state.
VI. Conclusions
The analysis of transient TI RR spectra of 2-MHT and 3-MHT allows an assignment of the observed spectra to the E and Z species which equilibrate during the T, lifetime. This observation, which applies also to HTI2 and DMHT,13 is explained by admitting that the potential energy curve for the torsion around the central C=C bond is essentially flat.
The comparison of the spectra of (2)-MHT with the spectra of (E)-MHT indicates that the tt, tc, and cc rotamers do not equilibrate in the TI state but remain at their ground-state distribution. This result, which has already been found for DMHT, I3 implies that the NEER principle is valid also for the T I state of 1,3,5-hexatrienes and is related to the high barrier encountered in the rotation around the formal C-C single bonds in TI.
The relative intensities of the observed bands attributed to the E and Z forms, compared with the theoretical intensities, provide information about the relative energy of the E and 2 forms. This allows a qualitative knowledge of the energy effects of methyl substitution. It is found that changing the position of the substitution and the number of substituents can change the shape of the TI potential energy curve for the torsion around the central CC bond and the distribution of conformers in So and therefore in TI. These effects are important because they may alter the efficiency of the possible photochemical processes taking place in TI. They are of relevance also in understanding the role of methyl groups that are found in many natural chromophores of the polyene type.21
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